Sinorhizobium meliloti is usually cultured in rich media containing yeast extract. It has been suggested that some components of yeast extract are also required for growth in minimal medium. We tested 27 strains of this bacterium and found that none were able to grow in minimal medium when methods to limit carryover of yeast extract were used during inoculation. By fractionation of yeast extract, two required growth factors were identified. Biotin was found to be absolutely required for growth, whereas previously the need for this vitamin was considered to be strain specific. All strains also required supplementation with cobalt or methionine, consistent with the requirement for a vitamin B 12 -dependent homocysteine methyltransferase for methionine biosynthesis.
Bacteria of the genera Rhizobium and Sinorhizobium fix nitrogen in a highly evolved symbiotic relationship within nodules on the roots of legumes. One of the best studied is Sinorhizobium meliloti, which fixes nitrogen in symbiosis with alfalfa (Medicago sativa). Rhizobia are readily isolated from nodules and have been cultured on a variety of media, usually rich media containing high concentrations of yeast extract such as yeast mannitol broth (20) or tryptone yeast extract medium (4) .
Growth of rhizobia in synthetic media was the subject of numerous studies prior to 1970 (1, 3, 10, 14, 20) . Early workers in the field recognized that yeast extract, or other complex plant or animal extracts, stimulated the growth of rhizobia (22) , but the identity of the requirements or their necessity for growth of different strains has never been resolved. The stimulatory effect was initially postulated to be due to the presence of a heat-stable active substance termed coenzyme R. It is notable that in 1940, West and Wilson (23) described experiments in which they demonstrated that biotin actually exhibited properties comparable to those of coenzyme R. These and other workers concluded that biotin was only stimulatory for most strains and was absolutely required by only a few (1, 24) . In contrast, Jordan (14) later concluded that none of the common vitamins, in particular biotin, could initiate growth of a variety of rhizobia and demonstrated that most rhizobia, including S. meliloti, could be grown in a defined medium without vitamins but containing certain amino acids, namely histidine, cysteine, and methionine. Since these early studies there has been little clarification of the nutrient requirements of the fast-growing rhizobia, including S. meliloti, and supplementation of defined media varies between laboratories. For example, the commonly used S. meliloti strain 1021 has not been noted to require any added growth factors, yet it has been cultured in defined media with various vitamin and mineral supplements (5, 7-9, 15, 16, 21) .
S. meliloti strains require factors present in yeast extract for growth. In our experience, cultures of S. meliloti 1021 and JJ1c10 grown in M9 (18) liquid medium supplemented only with a carbon source do not grow at reproducible growth rates, and their growth rates decrease with serial subculturing. These observations suggested that growth was dependent on unidentified growth factors carried over in the inoculum. Attempts to demonstrate the need for an unidentified factor by either depleting the medium or washing the inoculum were unsuccessful. However, we found that when a small number of freshly grown cells from M9 plates was used as inoculum, M9 liquid cultures remained clear (A 620 Ͻ 0.05), while portions of the culture supplemented with 50 g of yeast extract/ml showed turbid growth (A 620 Ͼ 1.0). In this communication we describe experiments to identify two components of yeast extract required as medium supplements for growth of S. meliloti cells and demonstrate that the requirement for these growth factors is characteristic of the species.
Twenty-seven S. meliloti strains from a variety of sources have been used in this study (Table 1) , although 1021 and JJ1c10 were used for most testing and screening. For these studies 20 mM succinate was used as the carbon source in M9 medium. Rich medium was tryptone yeast extract medium (4) . Strain JJ1c10 cultures were additionally supplemented with 0.5 g of pantothenic acid/ml, which was found to be a requirement for this strain. Yeast extract (Difco, Detroit, Mich.) was made up as an autoclaved 1% stock and added at 50 g/ml.
Cultures were grown at 30°C with shaking, and growth was measured spectrophotometrically at A 620 after 24 to 60 h. As shown in Table 1 , all strains were found to require yeast extract supplementation for growth in M9 medium when a minimal amount of cells from M9 plates was used as inoculum.
In contrast to their growth in liquid M9 medium, JJ1c10 and 1021 grew well on M9 agar plates supplemented only with a carbon source and could be serially propagated on these plates. This suggested that agar may contribute factors required for their growth. This was demonstrated by using plates prepared using 1.2% agarose (FMC BioProducts, Rockland, Maine) instead of 1.7% agar (Difco) and supplemented with 50 g of yeast extract/ml or left unsupplemented. After 3 days, the S. meliloti strains did not form colonies on M9 agarose plates unless they were supplemented ( Fig. 1 ). Extended incubation of the plates without yeast extract resulted in the appearance of microcolonies after 5 to 7 days, probably due to trace amounts of required growth factors still present in the agarose.
We attempted, without success, to identify the required growth factor(s) by testing for growth of JJ1c10 and 1021 in media supplemented with common vitamins and minerals individually and in mixtures. Some compounds were found to decrease or inhibit the growth of control cultures such that tests of mixtures often produced ambiguous results with low and variable levels of growth (A 260 Ͻ 0.2). For these reasons it was unclear if the factor was present in the test mixtures but antagonized by other compounds, if multiple factors were required, or if the factor was an unusual compound not tested. Because of these ambiguities, we instead attempted to identify the factor(s) directly by fractionation of yeast extract.
Yeast extract contains two factors necessary for growth of S. meliloti cells. Chemical fractionation of yeast extract showed that the growth factors were quantitatively extractable in glacial acetic acid, ethanol, or methanol. The methanol-soluble fraction was then separated by reverse-phase (RP) chromatography using a 0 to 100% methanol gradient on a Whatman C18 ODS-3 Prep column. A single peak (A 205 ) which permitted growth of strain 1021 or JJ1c10 was further purified using a 100 to 0% methanol gradient on a Zorbax NH2 column, followed by use of a Whatman RP ODS-3 column in 20% methanol. a Each strain was tested by inoculating a minimal medium culture with cells from minimal M9 agar. The culture was subdivided, additionally supplemented as indicated, and shaken at 30°C for 2 to 3 days before growth was monitored. Values shown are the averages of three measurements (standard deviation Ͻ 0.01). None, no additional supplements; Yeast extract, 50 g of yeast extract per ml; Met ϩ Cys ϩ YE biotin, 5 g of each of methionine and cysteine per ml and 5 ng of biotin purified from yeast extract per ml.
Active fractions were dried and dissolved in water and then separated on a Pharmacia Superose-12 column in water. The active factor, corresponding to a single peak, was approximately 10,000-fold purified by these fractionations.
During the purification, the test cultures for screening fractions were additionally supplemented with 0.2% Casamino Acids (Difco) to compensate for nonspecific growth stimulation due to variations in richness between different fractions of the yeast extract. Casamino Acid supplementation alone did not permit growth of the S. meliloti test strains. Unexpectedly, it was found that when Casamino Acids were not included, increasing amounts of the partially purified factor from successive intermediate purification steps were required to achieve growth comparable to that obtained with yeast extract. Our most purified preparation of factor from Superose columns was completely unable to support growth of S. meliloti cells in minimal media without Casamino Acids. These results are consistent with the interpretation that yeast extract contains two S. meliloti growth factors, one of which we had directly purified and a second which is present in, or replaceable by, Casamino Acids. We subsequently verified the presence of a second growth factor in yeast extract by testing the RP highperformance liquid chromatography (HPLC) fractions for the ability to support growth without Casamino Acids but in the presence of the purified growth factor.
Biotin is essential for growth of S. meliloti cells. The purified growth factor was identified as biotin by testing individual vitamins for their ability to replace the factor in media supplemented with Casamino Acids. We also directly demonstrated that the purified factor from yeast extract was identical to biotin by nuclear magnetic resonance (NMR) spectroscopy using a Bruker AM500 NMR spectrometer. Biotin was routinely added at 100 ng/ml, although tests with different concentrations of biotin using JJ1c10 and 1021 showed that only 1 ng/ml was required for cultures to grow to stationary phase (A 620 ϭ 1.0 to 2.0).
We tested the complete genomic sequence of S. meliloti (http://sequence.toulouse.inra.fr/rhime/Complete/doc/Complete .html) for open reading frames encoding homologs of the enzymes catalyzing the conversion of pimeloyl-coenzyme A plus alanine to biotin (6) . The four enzymes of this pathway, encoded by bioF, bioA, bioD, and bioB, are common to most bacteria. We used the sequences of these proteins from Escherichia coli K-12, Bacillus subtilis, and Mesorhizobium loti for BLASTp searches at an expect value of 0.0001 (2) . No BioD or BioB homologs were found. For the BioF and BioA proteins the best hits (Ͻ35% identity) were to proteins of the same enzyme class but otherwise unrelated to biotin synthesis. Similar results were obtained using sequences for the E. coli BioC and BioH proteins, which are required for unknown steps prior to pimeloyl-coenzyme A synthesis. These results suggest that S. meliloti lacks the entire known biotin biosynthetic pathway.
Streit et al. (19) reported the isolation of biotin auxotrophs of S. meliloti 1021 and mapped the mutations. These workers isolated their mutants using agar plates, although our results indicate that agar plates contain sufficient biotin for growth. It seems likely that their mutants require a higher concentration of biotin for growth rather than being true auxotrophs. The presence of biotin in commercial agar preparations has also been reported by Graham (10) .
Identification of methionine or cobalt as a growth requirement for S. meliloti cells. To identify the factor present in Casamino Acids, individual amino acids (5 g/ml) were tested for their ability to support growth in minimal media in the presence of biotin. Methionine was identified as the required growth component, although cysteine also was able to support poorer growth (A 620 Ͻ 0.2). However, commercial methionine (minimum 98% or SigmaUltra Ͼ99%; Sigma Chemical Co.) was found to support growth of the S. meliloti strains without the addition of biotin, suggesting that biotin was present as a contaminant. To demonstrate a dependence on both factors, methionine was further purified by HPLC on a 50-cm C18 RP column (Partisil 10 ODS-3 M/9-50cm; Whatman) using a 0 to 50% methanol gradient. As shown in Fig. 2 , the HPLC-purified methionine permitted no growth without biotin, even during prolonged incubation. Methionine and biotin were found to be sufficient for growth and able to replace yeast extract. An equivalent result was obtained using plates prepared with agarose (Fig. 1) .
In most bacteria, synthesis of methionine from homocysteine is catalyzed by the enzyme homocysteine methyltransferase. The most efficient version of this enzyme requires vitamin B 12 as a cofactor (13, 17) . In bacteria the requirement for cobalt is primarily due to its presence in vitamin B 12 and the important role of this vitamin in methionine biosynthesis. It was found that cobalt (cobalt chloride, 5 ng/ml) could be substituted for methionine to permit growth of S. meliloti strains in minimal medium (Fig. 2) . In contrast, we found that trace impurities provide sufficient cobalt for growth of E. coli in M9 medium, indicating that a higher concentration of cobalt is necessary for S. meliloti cell growth. A requirement for cobalt for methionine synthesis in S. meliloti has been described by Inukai et al. (11) . We also tested supplementation using 10 ng of vitamin B 12 /ml, methylcobalamin and coenzyme B 12 (Sigma), and 5-g/ml concentrations of the methionine precursors cystathionine and homocysteine (Sigma), but significant growth was not observed compared to that with cobalt or methionine.
Vitamin B 12 is also required for the activity of a B 12 -dependent ribonucleotide reductase found in rhizobia, Lactobacillus leichmannii, and several other bacteria, but not in E. coli (12) . In the presence of methionine alone (i.e., without cobalt), the ribonucleotide reductase was found to be synthesized at higher levels in S. meliloti cells. This was reported to affect cell morphology but not growth (12) . For this reason it is probably preferable to always supplement the cells with cobalt.
Methionine can also be synthesized in many bacteria by a second homocysteine methyltransferase induced in the absence of cobalt, which does not require vitamin B 12 , but this enzyme is extremely inefficient (13, 17) . We tested for slow growth of S. meliloti cells in minimal medium containing biotin but neither cobalt nor methionine during extended incubations (Fig. 2) . After 5 days, a slower growth (doubling time Ͼ 10 h) ensued, and the cultures did not grow to the same density as supplemented cultures. Although it cannot be excluded that this growth was due to residual cobalt present in these cultures, these results could also be due to a B 12 -independent homocysteine methyltransferase, such that methionine or cobalt might not be strictly required for growth. However, for practical culturing purposes this supplementation is necessary.
The requirement for biotin and either cobalt or methionine is characteristic of most S. meliloti strains. As shown in Table  1 , the 27 independent S. meliloti isolates were able to grow in minimal medium supplemented with methionine, cysteine, and purified biotin instead of yeast extract. Figure 2 shows the growth of S. meliloti 1021 cells with combinations of pure biotin, methionine, and cobalt as supplements. Similar tests have been done using purified components using strains JJ1c10, Rm41, Kirby 5, Balsac, 102F34, NRG185, and R762, demonstrating that all have an absolute requirement for biotin. Although all strains also required either cobalt or methionine, there was some apparent strain preference for one compound over the other, as indicated by relative lag times before growth. As these strains were able to grow only with the purified components, the requirement for these growth factors appears to be a general characteristic of S. meliloti.
